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ABSTRACT 
Electric vehicles (EVs) are mainly known for their advantages as emission free, energy efficient and 
noiseless transport, but electric mobility has never matured in the automotive market and it remains in the 
shadow of the internal combustion engine (ICE) vehicles. Studies revealed that the EV penetration depends 
mainly on the availability of the charging facilities. The availability and the performances of the electric 
vehicle charging infrastructure (EVCI) will have a major impact on the satisfaction of electric vehicle 
drivers and therefore on the future viability and successful of the technology. In this context, maintenance 
will play a key role to ensure appropriate levels of availability and reliability and also to keep the expensive 
infrastructure in good conditions for a long time: it will need to have a long and trouble free life, if it is to 
persuade the typical car user to change his behavior and choices. 
The thesis work, developed during a 6 month stage at the Maintenance Centre of Cranfield University, will 
provide a long-term maintenance plan for this infrastructure, in which the preventive maintenance tasks will 
be defined basing on the Reliability Centered Maintenance (RCM) principles and logics, starting from the 
definition of the electric vehicle charging infrastructure and explaining how it works and the main 
components by which it is constituted. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
1. Introduction 
One of the major problems that most of the governments across the world are facing nowadays is the 
reduction of the volume of greenhouse gases emissions that are caused by human activities, where current 
road transport has a major contribution. During decades alternative propulsion methods have been 
researched, outstanding the electric vehicles as a possible near future solution to this problem, which can also 
help to reduce the external fuel dependency caused by the shortage of fossil resources. There are plenty of 
initiatives that aim to stimulate the EV adoption. However, a widespread deployment requires high 
confidence in the use of this technology for customers who are generally afraid of the short action radius. 
Therefore, it is necessary to create in advance a large, diverse and distributed charging infrastructure to 
support them. Currently, there are several plans across the world to install and test a number of charging 
stations. The functioning of this charging infrastructure in terms of availability and reliability will have a 
major impact on the future viability and successful deployment of the EVs. Appropriate maintenance, 
especially for those charging points located on-street, because of being exposed to more severe working 
conditions (exposition to bad weather conditions and vandalism), will play a major role to keep the 
expensive infrastructure in appropriate working conditions with high levels of availability and reliability for 
a long time. It is also important to ensure safe operation as charging stations are a new type of urban 
furniture which involves high voltage and current on the streets and nobody wants to do something usual 
(like recharging the own electric vehicle) in dangerous conditions. 
In this context, this work has the purpose to study the typical architecture of the on-street electric vehicle 
charging points and the several charging technologies and modes with the intention to understand the likely 
failure modes and prevent them by preventive maintenance strategies. All the maintenance studies will be 
based on the Reliability Centered Maintenance (RCM) method, whose aim is to identify preventive 
maintenance tasks to address those functional failures which could have unwanted consequences for the 
whole system either for safety, production or protection matters. 
2. The Electric vehicle charging infrastructure (EVCI): state of art 
Nowadays, the recharging of an electric vehicle can be done through 3 different charging technologies and 3 
different charging modes. 
In particular, the exchanging of energy between the EV battery and the power network can be achieved in 3 
different ways (which match with the charging technologies): 
• Conductive charging: it requires a physical connection between the vehicle and the charging point. The link 
is constituted by a cable which allows the energy transmission, the data exchange and the control of the 
charging process. In the most fundamental sense, there are 3 functions, 2 electrical and 1 mechanical, that 
must be performed to consent the charging of the EV battery from the electric supply network. The electric 
supply network transmits alternating current (AC) electrical energy at various nominal voltages. The EV 
battery is a direct current (DC) device which operates at a varying voltage depending on the nominal 
battery voltage, state-of-charge and charge/discharge rate. The first electrical function converts the 
alternating current to direct current and is commonly referred to as rectification. The second electrical 
function is that the supply voltage must be controlled or regulated at a voltage level which permits a 
managed charge rate based on the battery charge acceptance characteristics (i.e. voltage, capacity, 
electrochemistry, and other parameters). The combination of these two functions is the embodiment of the 
charger. The mechanical function is the physical coupling or connecting of the EV to the EVCI and it is 
performed by the user. The conductive charging system consists therefore of a charger and a coupler. 
• Inductive charging: it doesn’t require a physical plugged connection between the two elements but just 
proximity between them as the inductive charging uses an electromagnetic field to transfer energy between 
the two items. The major advantage of the inductive approach for vehicle charging is that there is not any 
possibility of electric shock as there are not exposed conductors, although interlocks, special connectors 
and residual current devices (RCDs, ground fault detectors) can make conductive coupling nearly as safe. 
In the same time this charging technology presents two main problems: the significant costs to create and 
maintain the infrastructure and the big energy losses due to a lower efficiency.  
• Battery swapping: it is the most practical solution consisting of the replacement of the empty battery with a 
charged one in stations similar to the petrol ones. The process takes less than five minutes so it can 
represent a valid alternative to the fast charging process explained in the following. But in the other hand 
this technology presents the problem of the significant weight of the battery pack (around 300 kg) so it is 
not easy to extract and of the damages caused by repeated plugging and unplugging. 
  
Nowadays the most common solution is the first one and studies reveal it will be the most used in the near 
future. 
For what the charging modes are concerned, they mainly depend on the percentage of the battery capacity to 
fill, on the battery size and on the characteristics of the battery (expressed in kW). At present day the most 
common charging modes are the following: 
• Slow: it takes from 6 to 8 hours to replenish the battery from empty. This mode is mainly used in homes 
and residential areas, and in all the other places where the vehicle is expected to be parked for long time.  
• Fast: this charging mode is capable to fully charge a battery in 2 hours and to fill half of its capacity in 30 
minutes. It requires higher voltage and currents. This solution is particularly used in places like shopping 
malls, public garages and in those other places where the stay is expected to be comprised between 30 
minutes and 2 hours. 
• Rapid: it takes from 10 to 20 minutes to recharge a battery from fully discharged, but this mode is 
applicable only for those batteries which have specific architecture to tolerate high currents. In the same 
time the infrastructure involves expensive equipments and there could be adverse effects to the grid and the 
battery due to the high currents, and it could have a lower efficiency because of the high heat generated. 
The rapid charging process could be located in places similar to the petrol stations or in fast food 
restaurants in highways or main roads so as it could be used during the daily journeys. 
At the present time the most used charging modes are the slow one and the fast one: the high costs for the 
rapid charging infrastructure and the problems and limitations it involves make the other two modes more 
preferable and more common. 
3. The electric vehicle charging infrastructure: functioning 
The functioning of the charging process can be well explained by the Figure 1, considering the home 
conductive charging process. 
 
Fig. 1 - Interconnection between the EV and the grid 
The EV is connected to the home wall socket by a cable. In the other end, the cable is attached to the EV 
inlet. Considering that the battery requires DC, the electricity which comes out of the home wall socket is 
entirely wrong to charge it directly, because the voltage is too low and it is AC electrical energy: the AC 
electricity from the home outlet is run through the charger, constituted by a transformer, which changes the 
voltage from 120 V or 240 V to 300 or more Volts, and a rectifier, which converts the electricity from AC to 
DC. The amperage is set by other part of the charger. Once the incoming current has run into the charger, it 
can recharge the battery which is indirectly connected to the motor through the motor controller. For what 
the EVSE (Electric Vehicle Supply Equipment) is concerned, the EVSE comprises all the safe devices which 
permit the safe power transmission once the connection has been verified.  
4. The Reliability Centered Maintenance (RCM) method 
The Reliability Centered Maintenance (RCM) is a qualitative systematic approach for organizing 
maintenance, originated in the civil aircraft industry in the 1960s with the introduction of the Boeing 747 
series, and the need of lower preventive maintenance (PM) costs in attaining a certain level of reliability. The 
results were successful and the methodology was developed further. In the 1980s, the Electric Power 
Research Institute (EPRI) introduced RCM into the nuclear power industry. Today RCM is used, or being 
considered, by an increasing number of electrical utilities. 
The essence of this method is that every component needs to be treated equally, with the analysis focused on 
the component functions, where the functions are the explanation of why each component has been installed 
  
in the facility: if a component neither has an unavoidable function nor the failure consequences have an 
impact on the facility and they can be ignored, that means the component is in excess. 
4.1. The RCM method: application phases and fundamental concepts 
Generally, to correctly apply the method, there is the need to go through 3 different phases, which are the 
following. 
1. Identify the equipments in the facility which are deemed important for the system safety, production or 
protection. These components need to be maintained by preventive maintenance strategies in order to prevent 
their failures before they occur. In this phase, it is defined that equipment population which is deemed 
important for preserving the “Asset Reliability Criteria” (A.R.C., all the unwanted failure consequences that 
could occur in the facility and that must be prevented) which have been established and it is accomplished a 
component classification choosing from: critical (the component failure has evident occurrence and 
immediate unwanted effects on the facility safety, operation, environment or health); potentially critical 
(the component failure is hidden: it is not immediately evident to the operating personnel and it has not 
instantaneous adverse effects on the whole system: it needs the effect of the duration of time, an initiating 
event or another component failure to become critical); commitment (this category includes all those 
components which have regulatory, environmental, Occupational, Safety, Health and Administration 
(OHSA) commitments that must be guaranteed); economic (the components failure has just an economic 
matter and it has not effects on system safety and operability); run-to-failure (RTF, the component fails 
with an immediate and clear occurrence but the failure has not immediate safety, operation, environmental, 
health unwanted consequences). 
To chose the most appropriate classification for each component under the study, the EVCI Asset Reliability 
Criteria (Figure 2), the Potentially Critical and Economic Significant Guidelines (Figure 3) and the 
Consequence Of Failure Analysis (COFA) Logic Tree (Figure 4) and have been used.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3 - Potentially Critical and Economically Significant Guidelines 
 
 
Safety Concerns: 
■ No personnel and public safety concerns (mandatory) 
■ No facility safety concerns (mandatory) 
Operability Concerns: 
■  No unplanned facility shutdowns 
■  No power reductions, or power supply interruptions 
■ No unplanned or inadvertent actuations of emergency 
systems 
■ No charging processes not in according to the user 
preferences 
■  No information leakage at the back-office 
 
Fig. 2 - EVCI Asset Reliability Criteria 
Potentially Critical Guideline 
Can the component failure, in combination with an additional failure or initiating event, or over time, result in an unwanted 
consequence that has a direct adverse effect on one or more of the asset reliability criteria? 
If yes, this is a potentially critical component. It could be “potentially critical” for safety or for operability concerns depending on 
its consequence of failure. 
If no, is the component associated with a commitment? If it is, this is a commitment component. If it is not associated with a 
commitment, proceed to the Economically Significant Guideline below. 
Economically Significant Guideline 
■ Will the component failure result in a high cost of restoration? 
■ Will the component failure result in a high cost of related corrective maintenance (CM) activity? 
■ Will the component failure result in a long lead time for replacement parts?  
If yes to any of the above this is an economic component. 
If no to all of the above, this is run-to-failure (RTF). 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4 - COFA Logic Tree 
Referring to Figure 3, answering to the first question you evident failures and hidden failures are 
distinguished. Failures can become evident by a control room alarm, by an indicator light, by any other 
announcement which informs the component has failed or by the personnel during their daily duties. The 
occurrence of the failure could be evident also by the manifestation of its consequences: in this case the 
consequences are evident simultaneously with the failure so there is not the time to intervene preventing 
them. Otherwise, if the failure occurrence is not evident (hidden failure) the component could be a 
potentially critical component. If the answer to the Question 1 is yes, the Logic Tree proceeds to the second 
question which has the purpose to distinguish between critical safety and critical operability components. 
Answering yes to this question, it means that the failure mode of the component could have adverse effects 
on personnel or facility safety so it would be a critical safety component. If the answer is no, first it is 
necessary understanding whether the failure can affect one or more operability criteria selected: in this case 
the component will be an operability critical component, otherwise, there is the need to proceed to the 
Economically Significant Guideline: a yes answer to any question of the guideline, determines the 
component to be classified as economic component; a no answer means the component to be an RTF 
component. Coming back to the first question, if the relative answer is no, that means the failure is hidden 
and the component could be potentially critical, thus the Logic Tree proceeds to the Potentially Critical 
Guideline: a yes answer to any question of this guideline determines the component to be potentially critical; 
a no answer determines the need to understand whether the component has a commitment associated with it: 
in this case it will be a commitment component, otherwise it will be classified as an economic component if 
there will be a yes answer to any question of the Economically Significant Guideline, or a RTF component if 
not. 
2. Once each component has been classified, the next phase consists in identifying the PM tasks and the 
relative periodicities for each failure cause of each failure mode of each component classified as critical, 
potentially critical, economic or commitment  in the previous phase. These tasks must be both applicable and 
effective. To chose the most appropriate tasks for addressing each component failure cause, the Preventive 
Maintenance Tasks Selection Logic Tree has been used and it is shown in Figure 5. 
Occurrence of failure 
mode evident? 
Direct and adverse 
effects on safety
A.R.C.?
Proceed to the 
Potentially 
Critical 
Guideline 
SAFETY 
CRITICAL 
COMPONENT
Direct adverse affect 
on one or more 
operability A.R.C.?
OPERABILITY 
CRITICAL 
COMPONENT 
Proceed to the 
Economically 
Significant 
Guideline
yes
yes no
no
no
yes
  
In the first step, there is the need to understand if a condition-directed preventive maintenance task is 
applicable to prevent the failure cause analyzed. The first option is the condition-directed maintenance 
because it is less intrusive than the time-directed. Answering yes to the first question, the Logic Tree 
continues specifying the task and its periodicity, otherwise it needs to answer to the second question: if a 
time-directed preventive maintenance task can be applicable effectively then it proceeds specifying the task 
and the periodicity, otherwise there is the need to initiate a design change or accept the risk if the component 
is classified as critical, economic or commitment. If the component is classified as potentially critical, if an 
applicable and effective failure-finding preventive maintenance activity can be specified to detect the failure, 
then the activity and the relative periodicity are specified, otherwise there is the need to initiate a design 
change or accept the risk. The failure finding preventive maintenance strategy is only applicable for 
potentially critical components as it is used to ascertain, at a given periodicity, whether a component has 
already failed so that the failed component can be detected before it results in unwanted consequences at the 
system level upon the occurrence of an additional component failure or an initiating event or the effects of 
the duration of time.  
 
Fig. 5 - Preventive Maintenance Tasks Selection Tree 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5 – Preventive Maintenance Selection Logic Tree 
 
At the end of the RCM analysis (Phase 1 and Phase 2), two formal and standardized documents need to be 
provided, which are the COFA Worksheet and the Preventive Maintenance (PM) Tasks Worksheet (Tables 1 
and 2). 
 
 
 
Column A Column B Column C Column D Column E Column F Column G Column H 
Component I.D. 
and description 
Describe all the 
component 
functions 
Describe all the 
component 
functional 
failures 
Describe the 
dominant 
component 
failure mode for 
each functional 
failure 
Occurrence 
evident? 
Describe the 
system effect 
for each failure 
mode 
Describe the 
Consequence 
of Failure Based 
on the 
Asset Reliability 
Criteria 
Define the 
Component 
Classification 
Tab. 1 - COFA Worksheet 
Applicable and eff ctive
CONDITION DIRECTED PM 
activity?
Specify the 
task and 
the 
periodicity
yes
Applicable and effective TIME 
DIRECTED PM activity?
no
Specify the 
task and the 
periodicity
yes
Potentially critical 
component?
Accept the risk or initiate a 
design change
Applicable and effective 
FAILURE FINDING PM 
activity?
no
Specify the 
task and the 
periodicity
yes
Accept the risk 
or initiate a 
design change
no
yes
no
  
 
 
3. Execute what it has been planned in the second phase and control the work in progress. The program 
needs to be a living program: a living program is a program that continues to grow, evolve, change, and 
adjust. The RCM program changes could become necessary after new failures modes (nonexistent at the time 
the first version of the program had been developed) occurred in the facility, after the development of new 
predictive maintenance activities or after changes in the structure of the facility. 
 
5. The application of the first RCM phase to the on-street charging station 
In this section, for a practical and deeper comprehension of the maintenance method used in the thesis work, 
the RCM logic will be applied to the on-street charging station, which is constituted by 25 different 
components. For brevity matters, only one component is analyzed in this paper, the circuit breaker (Figure 
6), as it is deemed one of the most appropriate to explain as good as possible the method. This component 
will be analyzed through all the steps needed to correctly apply the technique and to fully fill the two 
Worksheets. 
 
Fig. 6 – Circuit breaker 
 
5.1. Component description 
The circuit breaker is an automatically operating electrical switch designed to protect an electrical circuit 
from damages caused by overloads or short circuits. It detects a fault condition and, by interrupting 
continuity, it immediately discontinues the electrical flow. 
5.2.Component functions and functional failures identification 
After the component description and the filling of the first column of the COFA Worksheet the next step is 
the definition of the component functions. Component functions are the heart of the Reliability Centered 
Maintenance method as it is based on the functional failures. The functions describe what the component 
must accomplish. The functions are the explanation of why the component has been installed in the system, 
and preserving these functions is the main objective of the maintenance program. 
The circuit breaker has only one function to provide, which is “protecting from overloads and shortcuts”. If 
this is its function, the functional failure correlated will be “fail to protect from overloads and shortcuts”. 
 
Column A Column B Column C Column D Column E Column F Column G 
Component I.D. 
and description 
Describe each 
dominant 
component 
failure mode 
Consequences 
of failure mode 
Describe the 
credible failure 
causes for each 
dominant 
component 
failure mode 
Describe the 
applicable and 
effective PM 
tasks for each 
failure cause 
Define the 
periodicity for 
each PM task 
Is a design 
change 
recommended? 
Tab. 2 - PM Tasks Worksheet 
  
5.3. Dominant component failure modes identification and their effects 
The failure modes are the different types of failure or the different ways a component can fail so that it fails 
to provide the functions specified for it. As each component can have more functions to accomplish it means 
that each component can be affected by more failure modes. 
The component under the study has resulted to be affected by 2 different failure modes: 
- circuit breaker triggered: the switch is open when it should not (it detected a nonexistent overload or 
shortcut) and the charging station is out of service as the switch is in the open position and the current flow is 
interrupted; 
- circuit breaker out of service: it is closed when it should not (it is unable to detect overloads and shortcuts); 
the charging station continues to work but in dangerous condition as an overload/shortcut could not be 
detected. 
Only once the failure modes have been defined with the relative effects on the facility, evident failures and 
hidden failures can be distinguished. It appears clear that the first failure mode has an evident occurrence as 
when it occurs the facility is out of service; the second failure mode, instead, results hidden as there are not 
immediate and evident effects of its occurrence. 
The definition of the failure effects on the electric vehicle charging infrastructure and the failure 
characterization (evident or hidden) allow to proceed to the second-last step of the first phase of the RCM 
method: in this step there is the need to understand whether and how each failure mode can affect the Asset 
Reliability Criteria (A.R.C.) presented in Figure 2. When the circuit breaker is triggered, it inhibits the 
current flow so the station is out of service: this failure mode affects two operability concern of the A.R.C. 
(“No unplanned facility shutdowns” and “No unplanned or inadvertent actuations of emergency systems”). 
The second failure mode (circuit breaker out of service) is related to the safety concerns as when the 
component does not work, overloads and shortcuts are not detected and this could be dangerous both for user 
and the facility. 
5.4. Component classification 
Once the component failure modes and their effects on the facility and on the A.R.C. have been defined, the 
component can be classified. Every component can have several failure modes which could affect differently 
the system and the A.R.C. It means that a failure mode could cause the component to be critical, another 
failure mode could cause the component to be potentially critical, another one again could cause the 
component to be classified as economic, but the final classification always defaults to the most limiting 
classification. 
For what the circuit breaker is concerned, the first failure mode, following the COFA Logic Tree, would 
cause the component to be classified as operability critical; the second failure mode would cause the 
component to be classified as safety critical: as a safety criticality is more limiting than an operability one, 
the circuit breaker is classified as a safety critical component. At this point the first RCM phase is concluded 
and the Table 3 shows the COFA Worksheet referring to the circuit breaker. 
Column A Column B Column C Column D Column E Column F Column G Column H 
Circuit 
breaker 
Protecting 
from 
overloads and 
shortcuts 
Fail to protect 
from 
overloads and 
shortcuts 
Circuit 
breaker 
triggered 
Yes 
The circuit 
breaker is open 
when it should 
not and the 
station is out of 
service 
Operability 
concerns 
SAFETY 
CRITICAL 
COMPONENT 
Circuit 
breaker out of 
service 
No 
The circuit 
breaker is closed 
when it should 
not and it is 
unable to detect 
overloads and 
shortcuts 
Public and 
facility safety 
concerns 
Tab. 3 – Circuit breaker COFA Worksheet 
  
5.5. Failure cause identification 
The second phase of the RCM method, which is where the preventive maintenance tasks are defined, starts 
with the failure cause identification  for each component failure mode. In this way it is explained why the 
component fails. 
Like it was said in section 5.3, the circuit breaker has 2 different failure modes, whose causes are: 
- circuit breaker triggered ⇒ inadequate installation and testing prior to start-up; insulation breakdown; 
insulating fluid loss, deficiency or contamination; oil loss, deficiency or contamination; normal deterioration 
from age; others; 
- circuit breaker out of service ⇒ inadequate installation and testing prior to start-up; insulation breakdown; 
insulating fluid loss, deficiency or contamination; oil loss, deficiency or contamination; normal deterioration 
from age; others. 
5.6. Preventive maintenance tasks selection 
After the failure cause definition, it is possible to find the preventive tasks to address each of them in order to 
prevent the failures before they occur. For this purpose the Preventive Tasks Logic Tree (Figure 5) has been 
used. For what the periodicities of each task chosen are concerned, they were defined using literature, 
manufacturer and research recommendations. In particular: 
- to prevent the “inadequate installation and testing prior to start-up” failure cause, the setting of the voltage 
maximum opening level and time-opening could be appropriate as it inhibits the switch opening at a voltage 
value minor than the maximum set. 
- To prevent the “insulation breakdown” and “insulating fluid loss, deficiency contamination” failure causes 
the following tasks are respectively chosen: the insulation checking to know periodically the insulation 
conditions and the fluid monitoring (through level, temperature, moisture, dielectric test) to check the fluid 
conditions.  
- The oil loss, deficiency or contamination could be avoided through the cleaning of the oil or through its 
replacement if it is too filthy. 
- The last two failure causes (“normal deterioration from age” and “others”) are addressed with periodical 
cleaning, inspections and lubrications and with periodical running tests to understand whether the component 
is working correctly or it is about to fail. 
After the definition of the preventive maintenance tasks, the PM Tasks Worksheet is filled and the RCM 
process is concluded. The Table 4 shows the Worksheet referring to the circuit breaker. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Tab. 4 - Circuit breaker Preventive Maintenance Tasks Worksheet 
 
 
 
 
 
 
 
 
 
Column A Column B Column C Column D Column E Column F Column G 
 
Component 
 
Describe each 
dominant 
component 
failure mode 
 
Consequences of failure 
mode 
 
Describe the credible 
failure causes for each 
dominant component 
failure mode 
 
Describe the 
applicable and 
effective PM tasks 
for each failure 
cause 
 
Define the 
periodicity for 
each PM task 
 
Is a design 
change 
recommended? 
Circuit 
breaker 
Circuit breaker 
triggered 
The circuit breaker is 
open when it should not 
and the station is out of 
service 
inadequate installation 
and testing prior to 
start-up 
setting voltage 
maximum opening 
level and time-
opening 
- 
No 
insulation breakdown insulation check 6 months 
insulating fluid loss, 
deficiency or 
contamination 
fluid monitoring 
(level, temperature, 
moisture, dielectric 
test) 
6 months-12 
months 
oil loss, deficiency or 
contamination 
old lubricant 
cleaned or new 
applied 
6 months 
normal deterioration 
from age 
visual inspection, 
cleaning, lubricating 6 months 
others 
running test 
(charging process 
simulation test) 
6 months 
Circuit breaker 
out of service 
The circuit breaker is 
closed when it should not 
and it is unable to detect 
overloads and shortcuts 
inadequate installation 
and testing prior to 
start-up 
setting voltage 
maximum opening 
level and time-
opening 
- 
insulation breakdown insulation check 6 months 
insulating fluid loss, 
deficiency or 
contamination 
fluid monitoring 
(level, temperature, 
moisture, dielectric 
test) 
6 months-12 
months 
oil loss, deficiency or 
contamination 
old lubricant 
cleaned or new 
applied 
6 months 
normal deterioration 
from age 
visual inspection, 
cleaning, lubricating 6 months 
others 
running test 
(charging process 
simulation) 
6 months 
 6. RESULTS AND FINDINGS
The thesis work is the result of a six month 
maintenance planning for the electric vehicle charging infrastructure was developed using the principles and 
the logics of the Reliability Centered Maintenance method.
The main achievements of the study are 
• The electric vehicle charging infrastructure has been deeply analyzed in order to understand how it works 
and how it can be improved to meet the future increasing electric vehicle sales. If at the present time the 
most common solution to charge the EVs is the slow and fast mode, it will be necessary to invest also in the 
rapid charging mode, to stimulate the EV users to use their vehicle during all the day and to stimulate those 
users who are afraid of running out of battery. But the investment c
could be the battery swapping, which permits the replacement of the empty battery in few minutes. 
Nevertheless, this solution presents some problems: the high weight of the battery pack which makes 
difficult the extraction of the battery; during cold winter the snow and the ice could pile up under the car 
making the battery change impossible (if the battery is installed on the bottom of the vehicle); the limitation 
of the space and the high land prices (a battery swap
dozens of batteries). For what said it is presumable that the slow and fast charging modes will be the most 
common in the coming years and the actual literature seems to be unanimous about that, but neverth
suggests improvements and extensions of the actual charging networks.  
• The Reliability Centered Maintenance has been accurately studied as it would have been the technique to 
achieve the aim of the thesis. The main characteristic and objective of th
system functions by preventing failures at the equipment level. A second characteristic is that there aren’t 
rigid rules to apply the RCM method: indeed 
Mode Effects Criticality Analysis) to define the failure modes and their effects and criticality and 
some other papers talking about other ways (such as the COFA) to reach the same target. The choice of 
what method is better to use depends on the capabili
Nevertheless, even if the FMECA is more known than the COFA, this one seems to be more function
oriented than the first one. In addition the FMECA method appears to be more subjective than the COFA 
mainly due the definition of the three factors (frequency, severity, detectability) which define the failure 
criticality. Another consideration must be done on the column C of the COFA Worksheet: although 
defining component functional failures could seem an unimp
component functions because they are the exact opposite of the related functions, this could make easier the 
following component classification and it could provide a feedback to validate or not the component 
function definition. 
• By applying the Reliability Centered Maintenance 
different components were found, each of them with 
of the infrastructure were found, it was necessary to assign to each of them a classification choosing 
between critical (safety or operability), potentially critica
the results of this classification. 
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The Figure 7 shows that 16 components out of 25 (64%) are operability critical: hey have failures which 
have immediate effects on the operability of the facility: if they fail the charging station is out of service or 
the charging process can’t be done properly. It can be noted the absence of commitment components: it is 
strictly important state that it doesn’t mean that any of the infrastructure components has not a commitment 
associated but it means that although a component has a commitment associated it could result to be a 
critical component because the final classification always defaults on the most limiting classification. For 
the same reason it could wrongly seem that there are not components with an economic relevance. 
• Some Design For Maintenance actions have been suggested. Consider for example the component “Coiled 
cable”: one of its failure causes is the “mechanical breaking, abrading, deforming of static or structural 
parts”; one of the PM tasks chosen to prevent it is “designing the cable for being an independent element”. 
Indeed, if the cable is designed to be an independent element it can be carried on the vehicle limiting the 
exposition to bad weather conditions and vandalism. In this case a design for maintenance would be 
accomplished as the component is designed for limiting failures and maintenance costs. Another example 
of design for maintenance is referred to the component “RFID reader”: the “high distance” and “signal 
interferences” failure causes can be prevented respectively by determining the max distance between the 
station and the area in which the EV is charged (with a colored lines on the ground which identifies where 
the vehicle must be parked) and by immunizing the reader and reducing the sources of interference. These 
are both tasks performed prior to start-up. 
• The maintenance strategies and activities are very subjective and related to the context: they can depend on 
the age of the system to maintain (if the system is old it will require shorter periodicities than a new one), 
on the level of availability to achieve, on the ratio between costs of the maintenance tasks and costs of 
unavailability. Consider for example the component “Off-board charger”: for the “rectifier circuit failure” 
failure mode a “mechanical breaking, abrading, deforming of static or structural parts” was found as a 
failure cause. To prevent, or better, to detect the failure before it occurs, some manufacturers suggest the 
installation of vibration/sound sensors in order to detect if the component is working properly: this choice 
seems to be good but too expensive for the this purpose. The same result (detecting if the component is 
working properly) can be more economically achieved by periodic visual inspections and cleaning.  
• The customer behavior and feed-back could be an important point of interest: it is desirable that customers 
participate to maintain the infrastructure in good conditions respecting the instructions provided and 
helping to detect failures or malfunctioning by contacting the customer service; if the customer notices an 
improperly behavior or something wrong with the charging station a toll free number can be useful to 
inform the back-office of what is happening: although a toll free number is already provided the hopes that 
the client will use it are very low due the fact that the customer does not feel the infrastructure as his own 
(like it happens with a home installed charging station). This potentiality, which could be very helpful, can 
be developed by public awareness campaigns or by benefits provided to those customers who helped to a 
problem resolution. 
 
7. FUTURE DEVELOPMENTS 
For the next future it is advisable:  
• a comparison between the old maintenance planning and the one proposed in this project. If the 
maintenance planning proposed is approved and applied to the electric vehicle charging station another 
comparison between the old availability and reliability data (obtained with the old planning) and the new 
data (obtained after the application of the new planning) is suggested to validate the new plan. However, 
for this purpose, it will be necessary to involve deeply the charging point manufacturers and network 
operators which were found to be generally reluctant to share information about failures and the relative 
maintenance, although this behavior is understandable as no one wants to declare this kind of information: 
indeed, manufacturers don’t want neither inform customers that their products or services provided can be 
affected by certain failure modes nor offer to their competitors information about how they try to make 
their products and services failure-free. 
• It also recommendable to examine the maintenance requirements for the other charging technologies and 
for the other charging modes, as this study has been focused on the conductive charging infrastructure. In 
particular, performing the analysis on the rapid charging mode could have a good impact on the diffusion 
of this technology which seems to be a crucial element for the widespread of electric vehicles as the 
installation of rapid charging points is necessary to stimulate users as they are generally afraid of running 
out of battery. 
